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Abstract Gamma-aminobutyric acid (GABA) has diverse
physiological functions, but its production by lactic acid bac-
teria is costly due to the culture medium. This study aimed
to enhance GABA production by L. futsaii CS3 using low-
cost substrates and agri-food industries by-products. Optimal
culture conditions were determined using response surface
methodology with a central composite design (CCD). Batch
and fed-batch fermentation techniques were employed. In
the MRS medium with 2% (w/v) monosodium glutamate
(MSG), L. futsaii CS3 produced 6.84 g/l of GABA. Further
optimization revealed that 2% (w/v) cane sugar resulted in a
maximum GABA production of 9.6 g/l, while cane molas-
ses yielded 7.4 g/l. The modified MRS medium with 2%
(w/v) MSG, 2% (w/v) cane sugar, 3.06% (w/v) tuna con-
densate, and 2.5% (w/v) surimi washing water exhibited
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the highest GABA concentration of 11 g/l. Surimi washing
water had a lower GABA concentration of 4.12 g/l. Critical
factors identified through CCD analysis were cane sugar,
tuna condensate, and MSG. The optimized modified MRS
medium consisted of 3.48% (w/v) cane sugar, 3.84% (w/v)
tuna condensate, and 10.77% (w/v) MSG, resulting in an
actual GABA concentration of 18.27 g/l. Under flask-scale
and batch fermentation conditions (initial pH 5, tempera-
ture 37 °C), GABA concentrations of 20.63 g/l and 17.24 g/
were obtained after 48 h, respectively. In fed-batch fermen-
tation, GABA concentrations reached 23.01 g/l at 72 h.
The addition of cane sugar and tuna condensate effectively
enhanced GABA production in L. futsaii CS3, highlighting
their suitability as cost-effective substrates for industrial-
scale GABA production.
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Introduction

Gamma-aminobutyric acid (GABA) is a four-carbon non-
protein and water-soluble amino acid [32] and widely pre-
sent in microorganisms, plants and animals [4, 22]. GABA
inhibits the neurotransmitter involved in the peripheral
tissues and central nervous system in animals [12, 22, 25,
27, 32]. It is mostly present in the brain, where it plays a
significant inhibitory neurotransmitter role. GABA stimu-
lates cerebral blood flow and oxygenation, which in turn
enhances the metabolism of brain cells [19]. The reduction
of GABA in the cells is linked to a number of neurologi-
cal conditions, such as Alzheimer’s disease, Parkinson’s
disease, and seizures [19, 22]. GABA is also involved in
multiple physiological functions, such as tumor suppres-
sion, cortisol visual improvement, cholesterol regulation,
cell homeostasis maintenance, immunity enhancement [22],
induction of hypotension and diuretic, tranquillizer effects
[13], anti-depressive, reducing blood pressure by expanding
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the blood vessels [19], preventing chronic alcoholic diseases,
inhibiting cancer cell proliferation, improving brain function
and promoting insulin [13, 23, 32]. Microorganisms are an
important GABA source and produce GABA from L-glu-
tamic acid by decarboxylation catalyzed by glutamic acid
decarboxylase (GAD), with pyridoxal 5'-phosphate (PLP)
as a cofactor [16]. Microorganisms grow faster than plants,
do not need much space for cultivation, and are eco-friendly
for consumers. Furthermore, it is easy to control produc-
tion of microorganism [4]. A variety of lactic acid bacteria
(LAB) produce large amounts of GABA [4, 16]. The GABA
production capacity depends on species and strains [22]. The
genus Lactobacillus has abundant GABA-producing species,
including Lactobacillus brevis [4, 24, 31], L. buchneri, L.
delbrueckii subsp. bulgaricus, L. fermentum, L. helveticus,
L. paracasei [4], L. plantarum [4, 31, 32]. Furthermore,
some Streptococcus thermophilus and Lactococcus lactis
strains display GABA production abilities, which are the
best candidates for production of GABA-rich milk products
[4]. In recent years, it has been found that some species from
the genera Enterococcus, Leuconostoc, Pediococcus, Propi-
onibacterium and Weissella are capable of producing GABA
[4]. The De Man, Rogosa and Sharpe (MRS) medium is pri-
marily useful for cultivation of lactobacilli [14] and also is
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the simplest medium for GABA production of LAB. Nowa-
days, GABA production from microorganisms have a major
concern about the high costs of the culture medium and the
efficiency of GABA production.

Due to the use of expensive formulations of culture media
as protein sources for conventional culture media, such as
peptone, tryptone, meat extract, beef extract, and yeast
extract, GABA production by LAB has a high cost of the
culture medium. Other protein sources can be used in place
of the pricey commercial media by substituting them in the
media formulation. The ability of LAB to produce GABA
from inexpensive sources, such as agri-food industry by-
products and low-cost substrates, is a benefit. As a source
of nitrogen in the current investigation, tuna condensate and
surimi washing water were both utilized. A by-product of
precooking tuna at 100 °C for approximately one hour in the
tuna canning industry is tuna condensate or tuna precook-
ing water. A highly abundant of N-containing compounds
in tuna condensate is still currently underutilized. It can be
used to replace the pricey commercial medium and serve as
an alternative nitrogen source for microbial cultivation. In
addition, omega-3 fatty acids are abundant in tuna conden-
sate [17]. Surimi produces washing water as a byproduct.
There are numerous washing and dewatering procedures
involved in the preparation of surimi. Many compounds are
removed during washing, including sarcoplasmic proteins,
inorganic salts, low-molecular weight molecules, lipids, and
blood components [5]. When washing mince, one kilogram
of surimi from fish could produce 27-29 L of effluent [1].

A different strategy to lower the cost of generating GABA
and increase the value of the food industry is the utilization
of wastes and by-products from the food industry. It may
also aid in reducing issues with pollution and global warm-
ing. The current study produced GABA from L. futsaii CS3
by substituting cane sugar and cane molasses for the carbon
source and tuna condensate waste and surimi washing water
waste for the nitrogen source in the modified MRS medium.
The culture conditions of GABA production were optimized
using the response surface methodology (RSM) with central
composite design (CCD) to optimize the optimal modified
MRS medium. The initial pH value of the optimal modified
MRS medium and the control of pH on GABA production
were also optimized. Then, Batch and fed-batch fermenta-
tion were used to improve GABA productivity.

The aim of this study was to enhance L. futsaii CS3’s syn-
thesis of GABA and reduce the cost of the culture media for
GABA production by the utilization of low-cost substrates
and agri-food industries by-products. No reports of the
microbiological synthesis of GABA from those by-products
in batch or fed-batch fermentation have been made to date.

Materials and Methods
Microorganism Preparation

A GABA-producing LAB strain L. futsaii CS3 (acces-
sion no. AB839950) was previously isolated from Kong-
Som, a Thai traditional fermented shrimp [20]. This strain
was activated by growing it in MRS medium containing
(w/v): 2% D-glucose, 0.4% yeast extract, 1% peptone,
0.8% beef extract, 0.5% CH,COONa, 0.2% K,HPO,, 0.1%
Tween 80, 0.2% C¢H,;;N;0,, 0.02% MgSO,-7H,0, 0.005%
MnSO,-4H,0 and 2% NaCl and incubated at 37°C for 24 h
without shaking.

Optimization of Culture Condition for GABA
Production

Culture condition optimization was conducted in 250 ml
Erlenmeyer flasks containing 100 ml of the culture medium.
L. futsaii CS3 was cultivated in the MRS medium at 37 °C
for 18 h without shaking and then used for seed culture (5%
v/v) containing approximately 10% cfu/ml in a flask-scale.

Single-Factor Experiments

The modified MRS medium components were investigated
for the flask-scale in order to maximize GABA synthesis
from L. futsaii CS3 in a single-factor experiment. The fol-
lowing factors were examined for their influence on the
GABA content of fermented the modified MRS medium:
types of carbon sources (cane sugar and cane molasses),
types of nitrogen sources (surimi washing water and tuna
condensate), MSG and Pyridoxal 5'-phosphate (PLP). HPLC
was used to determine the GABA content and residual MSG
concentrations in the culture broths.

Carbon Sources

In the medium cultivation based on total sugar, locally
available cane sugar (commercial grade; Mitr Phol, Bang-
kok, Thailand) and cane molasses (Mitr Phol, Bangkok,
Thailand) were utilized as glucose substitutes. Cultivation
was performed in the modified MRS medium containing
(W/v): 0.4% yeast extract, 1% peptone, 0.8% beef extract,
0.5% CH;COONa, 0.2% K,HPO,, 0.1% Tween 80, 0.2%
C¢H7N;0,, 0.02% MgS0,-7H,0, 0.005% MnSO,-4H,0,
2% NaCl, 2% MSG (commercial grade; Ajinomoto, Bang-
kok, Thailand) and each of various carbon source: cane
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sugar (2%, w/v) or cane molasses (2.5%, w/v) and incubated
at 37 °C for 48 h without shaking.

Nitrogen Sources

By-products of the seafood industry include tuna condensate
waste (Chotiwat Manufacturing Co., Ltd., Songkhla, Thai-
land) and surimi washing water waste (Man A Frozen Foods
Co., Ltd., Songkhla, Thailand) were frozen and dried using
a freeze dryer. In the microbial media based on total nitro-
gen, freeze-dried tuna condensate and surimi washing water
powders were substituted for peptone, beef extract, and yeast
extract. Cultivation was performed in the modified MRS
medium containing 2% (w/v) MSG, selected carbon source
and each of various nitrogen source: freeze-dried tuna con-
densate (3.06%, w/v) or freeze-dried surimi washed water
(2.5%, w/v) and incubated at 37 °C for 48 h without shaking.

MSG

Cultivation was performed in the modified MRS medium
containing 2% (w/v) MSG, selected carbon source and
selected nitrogen source and incubated at 37 °C for 48 h
without shaking. The modified MRS medium without MSG
was used as control.

PLP

Cultivation was performed in the modified MRS medium
containing 2% (w/v) MSG, 0.05 and 0.1 mM PLP (Sigma-
Aldrich, Steinheim, German), selected carbon source and
selected nitrogen source and incubated at 37 °C for 48 h
without shaking. The modified MRS medium without PLP
was used as control.

Response Surface Methodology (RSM)

RSM is typically used to investigate optimal experimental
conditions since it is a reliable and useful statistical meth-
odology. This experiment was examined the effects of sin-
gle factors on GABA production. Effects of carbon source
(X}), nitrogen source (X,) and MSG (X;) were chosen and
examined using different amounts (% w/v) of each factor
for GABA production. To identify the optimum condition,
a Central Composite Design (CCD) was selected. The three
levels (— 1, 0 and + 1) were set up according to the results of
single factor experiments. The values for the carbon source
(X)), nitrogen source (X,) and MSG (X;) were set at 2—4%,
2.5-4.5% and 4.5-16.5% (w/v), respectively. Total of 20
runs with central points were generated.

The model equation of the response (Y) of the three pro-
cess variables (X, X, and X3) is:
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Data was analyzed by linear multiple regression using the
Design-Expert (Version 10; Stat-Ease, Inc.). To validate the
regression coefficient, analysis of variance (ANOVA) for
GABA production was performed.

Effect of Initial Medium pH

The optimal modified MRS medium with initial pH values
of4.5,5,5.5, 6, 6.5 and without pH adjustment (pH 7) were
used for cultivation at 37 °C for 48 h without shaking. HPLC
was used to determine the GABA content and residual MSG
concentrations in the culture broths.

Effect of Controlled pH on GABA Production

In order to obtain the maximum GABA production from L.
futsaii CS3, the optimal modified MRS medium with and
without pH control were investigate for the fermentor scale.
In a 3-1 fermentor (BEM-MDL Series, B.E.Marubushi Co.,
Ltd., Chiyoda, Japan), 21 of the optimal modified MRS
medium with approximately 10'° cfu/m] was inoculated with
the 10% (v/v) seed culture broth. The optimal modified MRS
medium with the optimal initial pH value was used for culti-
vation at 37 °C with agitation speed 50 rpm for 48 h. During
fermentation, the pH on GABA production was kept constant
atpH 3.5, 4, 4.5 and 5. To maintain the given pH condition,
the pH of the culture broth was automatically adjusted by 6 M
NaOH or 6 M HCI. GABA content and remaining MSG con-
centrations in the culture broths were determined by HPLC.

Production of GABA from L. futsaii CS3 by Batch
and Fed-Batch Fermentation

L. futsaii CS3 was cultivated in the MRS medium at 37 °C for
18 h and then used for seed culture in the batch and fed-batch
fermentation. The batch fermentation, 10% (v/v) seed culture
broth contained approximately 10'° cfu/ml was inoculated
into a 2-1 of the optimal modified MRS medium in a 3-1
fermentor. The optimal modified MRS medium with the opti-
mal initial pH value was used for cultivation at 37 °C with
agitation speed 50 rpm for 48 h. The fed-batch fermentation
was also carried out in a 3—1 fermentor under following con-
ditions: 21 of the modified MRS medium with the optimal
initial pH value, 10% (v/v) inoculum size (10'° cfu/ml), tem-
perature 37 °C, agitation speed 50 rpm and fermentation time
for 72 h. Sterile MSG was supplemented into the fermentor
at 36 h of fermentation. GABA content and MSG remaining
concentrations in the batch and fed-batch fermented broths
were determined by HPLC.
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Analysis of GABA

High-Performance Liquid Chromatography (HPLC)
Analysis

Derivatization of GABA

Quantitative analysis of GABA in the culture broth was per-
formed by derivatization with ortho-phthalaldehyde (OPA)
(Sigma-Aldrich, Steinheim, Germany) before detection
using HPLC [9].

Determination of GABA Quantification

HPLC determination of GABA was performed with an
Agilent Technologies 1200 series binary pump, autosa-
mpler and a fluorescence detector equipped with an auto-
matic liquid sampler and injector program. The column
used was a Hypersil ODS C18 column (particle size 5 pm,
length 250 mm, internal diameter 4.6 mm) thermostatted
at 40 °C. The HPLC mobile phase was consisted potas-
sium phosphate buffer (1 M, pH 7) as mobile phase A, and
acetonitrile as mobile phase B. Absorbance was detected
at 330 and 440 nm [9].

Determination of Volumetric Productivity
The volumetric productivity (g/l/h) was determined by the
following formula:

GABA content (g/L)
GABA production times (h)

Volumetric productivity =

Determination of Bioconversion Rate

The bioconversion rate (%) was determined by the follow-
ing formula:

Final GABA concentration (imM)

— - x 100
Initial MSG concentration (imM)

Bioconversion rate (%) =

Determination of Yield

The yield was determined by the following formula:

GABA content (g/L)

Yield =
le Celldryweight (g/L)

Statistical Analysis

The data figure was created using the program Microsoft
Excel 2010. Program IBM SPSS Statistic was used to
analyze the significant differences (p <0.05 showed that
the difference in the analysis results was significant). The
response surface was designed, optimized and analyzed
using the program Design Export.

Results and Discussion

Optimization of Culture Condition for GABA
Production

L. futsaii CS3 has GABA producing ability and the GABA
was excreted mainly in the cell culture medium. This strain
was previously isolated from Kong-Som, a Thai traditional

Table 1 Results of single-

) Single-factor GABA (g/) Volumetric productivity (g/l/h) ~ Bioconversion rate (%)
factor experiments of GABA
production by Lactobacillus Carbon sources
Jutsaii CS3 Cane sugar 9.6+0.09° 0.2+0.07° 79+£0.05*
Cane molasses 7.4+0.13° 0.15+0.15° 61+0.11°
Nitrogen sources
Tuna condensate 11+0.04% 0.23+0.07* 91+0.04%
Surimi washing water ~ 4.12+0.15° 0.09+0.13° 34+0.11°
MSG
MSG 11+0.02 0.23+0.02 91+0.03
No MSG Not produce GABA  Not produce GABA Not produce GABA
PLP
0.05 mM PLP 11.05+0.03* 0.23+0.01* 91+0.01%
0.1 mM PLP 11.07+0.02* 0.23+0.02* 91+0.03%
No PLP 11+0.03% 0.23+0.02* 91+0.02¢

*Values are given as mean+ SD from triplicate determination (n=3). Different superscripts in the same
column of each factor indicate significant differences (P <0.05)

@ Springer



472

Indian J Microbiol (Oct-Dec 2023) 63(4):467-482

fermented shrimp [20]. Kong-Som is rich in glutamic acid
which is the substrate for the biosynthesis of GABA by
LAB. In previous work, L. futsaii CS3 was the most effi-
cient microorganism for the conversion of 25 mg/ml MSG to
GABA, with a maximum yield of more than 99% conversion
rate within 72 h [20]. This strain produced GABA 10 mg/ml
in MRS broth containing 20 mg/ml of MSG during incuba-
tion at 37 °C for 120 h [21]. In the present work, after being
grown at 37 °C for 48 h without shaking, L. futsaii CS3
produced GABA 6.84 g/l in MRS broth containing 2% (w/v)
MSG, with volumetric productivity and bioconversion rates
of 0.14 g/l/h and 56.09%, respectively. HPLC was used to
quantitatively confirm GABA production. GABA and MSG
standard had retention times of approximately 15.5+0.1
and 8.62 +0.1 min, respectively. pH, temperature, cultiva-
tion time, and culture media were all factors that affected
L. futsaii CS3's capacity to produce GABA. Commercial
culture media used to produce GABA by microorganisms,
however, are expensive. Due to these reasons, it is crucial to
use renewable sources of nitrogen and carbon to optimize
the medium for increasing GABA production. This study
used low-cost substrates and by-products or wastes from
food industry on GABA production for reducing the cost
of culture medium and enhancing GABA formation. This
is the first report of the GABA production of L. futsaii CS3
by using cane sugar and cane molasses as a carbon source
as well as tuna condensate and surimi washing water as a
nitrogen source substitute in the MRS medium.

Single-Factor Experiments

In a single-factor experiment, the effects of carbon sources
(cane sugar and cane molasses), nitrogen sources (surimi
washing water and tuna condensate), MSG and PLP was
chosen and tested for GABA production of L. futsaii CS3.
The results suggested that types of carbon sources, types of
nitrogen sources and MSG affected on GABA production,
as described below.

Carbon Sources

The modified MRS medium, which contains 2% (w/v) MSG
and either 2% (w/v) cane sugar or 2.5% (w/v) cane molasses
based on total sugar, was used for cultivation. HPLC analy-
sis was used to determine L. futsaii CS3's GABA produc-
tion. When cane sugar was utilized, this strain produced the
highest GABA concentrations, reaching a maximum pro-
duction of 9.6 g/l and a maximum volumetric productivity
and bioconversion rate of 0.2 g/l/h and 78.73%, respectively.
While using cane molasses as its carbon source, this strain
produced GABA concentrations of 7.4 g/, volumetric pro-
ductivity of 0.15 g/l/h, and bioconversion rate of 60.68%
(Table 1).
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The type of sugar included in culture media has an
impact on GABA production by LAB. The highest amount
of GABA was produced by each strain of LAB when vari-
ous sugars were used as the carbon source. In order to pro-
duce GABA for L. brevis NCL912, glucose was a prefer-
ential carbon source over maltose [10]. Maltose (4%, w/v)
outperformed conventional MRS medium with 2% (w/v)
D-glucose as the most effective carbon source for L. brevis
K203 to produce GABA, increasing GABA by 16% from
27.8 to 32.3 mg/ml [2]. In the fermented adzuki bean milk
that had a high GABA yield of 15.42 mg/100 ml, the mixed
strains of L. rhamnosus GG and Lc. lactis subsp. lactis uti-
lized sucrose as the carbon source [7]. In fermented coconut
drink (100 ml) which added sucrose (1 g), L. acidophilus
co-cultured with L. brevis produced the highest GABA of
352 mg/l at 27 °C for 28 h [13]. These findings from earlier
studies imply that the GABA conversion mechanism is spe-
cific and dependent on the LAB strain.

Cane sugar (refined cane sugar) and cane molasses were
utilized in this experiment as carbon sources to increase L.

futsaii CS3's synthesis of GABA. Cane molasses contained

sucrose (48.8% dry matter; DM), glucose and fructose (5.3%
and 8.1% DM, respectively). Additionally, minerals (sul-
fates, phosphates, and chlorides) as well as organic acids
(lactic, aconitic, citric, malic, formic and oxalic acid) and
volatile fatty acids (acetic, propionic and butyric acid) were
discovered in cane molasses [15]. This experiment found
that sucrose was the best kind of sugar for GABA production
of L. futsaii CS3. The modified MRS medium produced the
highest GABA concentrations (9.6 g/l) when cane sugar was
utilized as a carbon source. In contrast to the carbon sources
of cane molasses and D-glucose, this strain generated GABA
concentrations of 7.4 and 6.84 g/l, respectively. Due to the
presence of several organic acids, volatile fatty acids and
some minerals that may influence the formation of GABA
[13, 19], the GABA content in cane molasses was lower than
that in cane sugar.

Nitrogen Sources

The modified MRS medium, which contains 2% (w/v) of
MSG, 2% (w/v) of cane sugar, and either 2.5% (w/v) of
surimi washing water or 3.06% (w/v) of tuna condensate as
nitrogen sources based on total nitrogen was used for cultiva-
tion. The GABA content was measured from each nitrogen
source using HPLC. The highest GABA concentrations were
found in tuna condensate, which had a maximum production
of 11 g/l and maximum volumetric productivity and biocon-
version rates of 0.23 g/l/h and 90.21%, respectively. Surimi
washing water, on the other hand, had low GABA concentra-
tions of 4.12 g/1, volumetric productivity of 0.09 g/l/h, and
a bioconversion rate of 33.79% after being grown at 37 °C
for 48 h without shaking (Table 1). The best carbon and
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nitrogen sources for GABA synthesis were cane sugar and
tuna condensate, which increased GABA by 61% (from 6.84
to 11 g/1) as compared to standard MRS medium.

The source of the nitrogen and its concentration have both
an impact on the GABA that microorganisms produce. Vary-
ing sources of nitrogen applied to the culture media provide
different yields of GABA. The best nitrogen sources for L.
brevis NCL912 to produce GABA were beef extract, soya
peptone, and yeast extract. A concentration of 2.5% (w/v) led
to a greater GABA yield. When maize extract was employed
as the nitrogen source, a reduced amount of GABA was
produced [10]. A large amount of GABA (76.8 g/ml) was
produced by L. brevis BJ-20 when nitrogen sources, yeast
extract at 3% (w/v), and 5 brix sea tangle (Saccharina japon-
ica) extract were added [6]. Using the medium containing
100 g/L yeast extract, L. plantarum EJ2014 produced the
highest GABA of 19.8 g/L compared to previous studies
using various L. plantarum strains. Due to high amounts of
yeast extract contain large amounts of L-glutamic acid that
might also be used as a substrate for GABA production [16].

The highest GABA concentrations (11 g/l) were produced
by L. futsaii CS3 when tuna condensate was utilized as a
nitrogen source in the modified MRS medium. This strain
produced low GABA concentrations of 4.12 g/l when surimi
washing water was used as the nitrogen source, and 6.84 g/l
when yeast extract, peptone, and beef extract were used as
the nitrogen sources in MRS medium. This is due to tuna
condensate’s higher concentration of lipids and proteins,
which are simple, soluble, and digestible for this strain's
GABA production and cell proliferation. In addition, some
compounds and minerals in surimi washing water might
affect the growth and GABA production of this strain [13,
19].

MSG

MSG is a neutral salt of L-glutamic acid. Thus, MSG could
act as a buffer that prevents medium pH from decreasing
[6, 16]. MSG is a substrate for producing GABA. When
MSG or glutamate is converts to GABA by decarboxyla-
tion by GAD, the release of carbon dioxide coincide with
the consumption of hydrogen (H"), resulting in an increase
in pH in medium. Therefore, MSG concentration increases,
buffering capacity of medium will also increase and help to
stabilize pH [16]. Although L-glutamic acid is an optimal
substrate for GABA production but its price is extremely
higher than MSG. Therefore, MSG was used as substrate for
GABA production in this study. The modified MRS medium,
which contains 2% (w/v) MSG, 2% (w/v) cane sugar, 3.06%
(w/v) tuna condensate, and no MSG, was used for cultiva-
tion. HPLC was used to compare the amount of GABA pro-
duced in this medium with and without MSG. The findings
revealed that after being grown at 37 °C for 48 h without

shaking, L. futsaii CS3 was unable to produce GABA when
MSG was not added to the modified MRS medium. How-
ever, this strain produced 11 g/l of GABA when grown in a
modified MRS medium containing 2% (w/v) MSG (Table 1).
MSG is the sodium salt of glutamic acid. It is widely known
that the catalytic activity of GAD in the cell produces GABA
from MSG [6, 16]. Therefore, it is crucial to add enough
MSG to a GABA-producing LAB’s culture medium in order
to produce a high amount of GABA.

Although it contains relatively little glutamate, tuna con-
densate is a good source of glutamine. Combining the two
functions of glutaminase and GAD can result in the con-
version of glutamine via glutamate to GABA. Through the
activity of GAD in the modified MRS medium containing
tuna condensate and MSG, L. futsaii CS3 was able to pro-
duce high quantities of GABA from glutamate or glutamic
acid. However, because L. futsaii CS3 was unable to pro-
duce glutaminase, which is required for the conversion of
glutamine in tuna condensate to glutamate. Therefore, this
strain was unable to create GABA in this medium without
MSG. As a result, this medium lacked glutamate, a neces-
sary substrate for the production of GABA.

GABA is produced from the bioconversion of glutamate
catalyzed by GAD in many microorganisms including LAB
[4, 22]. However, most LAB are not capable of synthesiz-
ing enough L-glutamate for GABA production. Therefore,
the supplementation of MSG to the culture media is indis-
pensable as MSG can be easily hydrolyzed to L-glutamate
[4, 22]. Pediococcus pentosaceus MN12 produced GABA
17.6 mM when supplemented 60 mM MSG [22]. A starter
culture of L. futsaii CS3 produced the highest GABA reach-
ing 10,500 mg/kg in Kung-Som production that added 0.5%
(w/w) MSG and this strain remained prominently throughout
the Kung-Som fermentation revealed Polymerase chain reac-
tion denaturing gradient gel electrophoresis (PCR-DGGE)
[18]. L. sakei B2-16 increased GABA production up to
17,014 mg/l when 3% (w/v) MSG concentration was added
to substrate fermentation [13]. L. brevis NCL912 produced
high amounts of GABA with 205.8 g/l while extremely
high amount of L-glutamic acid with 250 g/l was used as a
substrate [24]. Therefore, GABA-producing ability is var-
ied widely among the strains of LAB and it is significantly
affected by medium composition and culture additives.

PLP

PLP, one among the active forms of vitamin B6, is a coen-
zyme of GAD. In order to create GABA, GAD catalyzes the
irreversible a-decaboxylation of glutamate [31]. The GABA
production of LAB could be effectively increased by add-
ing PLP to the medium. Especially, when PLP was added
at 48 h of fermentation, GABA production was higher than
PLP addition at 0 and 24 h of fermentation. However, PLP
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Table 2 Experimental design and results of the CCD test during GABA production by Lactobacillus futsaii CS3

Number Cane sugar Tunaconden- MSG (X;) (% Residual MSG GABA content (g/1) Cell dry weight  Yield
85\1/)) % fj/ts)(xz) % wiv) @b Predicted Actual e

1 -1 -1 -1 14.91+0.02¢ 1.32 1.13+0.01'  10.33+2.79" 0.11+1.36%
2 1 -1 -1 14.94+0.01¢ 1.04 1.1640.01' 14.17 +5.49 0.08 +2.094
3 -1 1 -1 11.43+0.01° 1028  10.12+0.01° 14.70+3.21° 0.69 +1.52°
4 1 1 -1 10.92+0.01° 1219 11.94+0.01¢ 14.87+2.78" 0.8+1.97%
5 -1 -1 1 19.44+0.01° 5.02 5.23+0.01¢ 16.93+6.11° 0.31+3.74°
6 1 -1 1 19.61+0.01° 5.92 6.03+0.017 18.03+3.57¢ 0.33+2.59¢
7 -1 1 1 18.98+0.01¢ 7.02 6.85+0.017 18.6+2.1¢ 0.37 +1.48°
8 1 1 1 18.36+0.01¢ 10.11  10.26+0.02° 22.63+2.01° 0.45+1.83¢
9 - 1.681 0 0 18.04+0.01¢ 1122 11.38+0.01¢ 18.63+0.45¢ 0.61+1.31°
10 1.681 0 0 16.87+0.01¢ 1357  1347+0.01° 17.4+0.7° 0.77 +0.97
11 0 — 1.681 0 17.99+0.01¢ 3.03 2.86+0.01" 12.67+5.62¢ 0.23+3.15¢
12 0 1.681 0 15.74 +0.02¢ 14.09  14.32+0.01° 22.1+3.12° 0.65+1.99°
13 0 0 — 1.681 2.32+0.018 -023 0.03+0.010 12.97+1.7¢ 0.002 + 1.62°
14 0 0 1.681 20.64+0.01% 1.13 0.93+0.01' 31.3+1.47 0.03+1.42¢
15 0 0 0 16.75+0.01¢ 1576  15.76+0.01* 21.97+4.51° 0.72+3.52
16 0 0 0 16.18 +0.03¢ 1576  15.96+0.02° 20.2+5.48¢ 0.79 +2.69*
17 0 0 0 16.26+0.01¢ 1576  15.74+0.02* 21.23+0.9° 0.74+1.21*
18 0 0 0 16.19+0.02¢ 1576 15.88+0.08" 20.27+1.29 0.78 +£1.09a
19 0 0 0 16.16+0.01¢ 1576 15.64+0.01* 20.53+0.86° 0.76 +0.97*
20 0 0 0 16.71+0.02¢ 1576 15.59+0.02* 19.07+2.06¢ 0.82+1.95

*Values are given as mean =+ SD from triplicate determination (n=3). Different superscripts in the same column indicate significant differences

(P<0.05)

Table 3 Analysis of ANOVA

) Source Sum of squares DF  Mean square  F value Prob>F
for GABA production by
Lactobacillus futsaii CS3 Model 668.34 9 74.26 1293.11 <0.0001 Significant
A-Cane sugar 6.71 1 6.71 116.90 <0.0001
B-Tuna condensate 147.58 1 147.58 2569.77 <0.0001
C-MSG 224 1 2.24 39.04 <0.0001
AB 2.42 1 2.42 42.14 <0.0001
AC 0.70 1 0.70 12.12 0.0059
BC 24.22 1 24.22 421.76 <0.0001
A2 20.44 1 20.44 355.96 <0.0001
B’ 93.48 1 93.48 1627.78 <0.0001
c? 422.44 1 422.44 7356.13 <0.0001
Residual 0.57 10 0.057
Lack of Fit 0.48 5 0.095 4.85 0.0539 Not significant
Pure error 0.098 5 0.020

could have easily been influenced by some metabolites and
lost its function as coenzyme of GAD during the fermenta-
tion. Therefore, it may be more efficient to enhance GABA
yield by the addition of PLP at 48 h [4]. When PLP was
added, the fermentation with Strep. salivarius subsp. ther-
mophilus Y2 produced more GABA [28]. A concentration
of 6% (w/v) MSG and the addition of 0.02 mM PLP were
found to be optimal conditions for L. brevis K203 for GABA

@ Springer

production [31]. However, this study discovered that add-
ing 0.05 and 0.1 mM PLP to the modified MRS medium
containing 2% (w/v) MSG, 2% (w/v) cane sugar and 3.06%
(w/v) tuna condensate for the production of GABA by L.
futsaii CS3 did not increase the amount of GABA (11.05
and 11.07 g/1, respectively), compared with no PLP addi-
tion (11 g/l) (Table 1). The findings suggested that L. futsaii
CS3 could synthesize the PLP on its own and that PLP had
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Fig. 1 The response surface for the GABA concentration in Lactobacillus futsaii CS3 fermented optimize the modified MRS medium at various
cane sugar concentration, tuna condensate concentration and monosodium glutamate (MSG) concentration
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no significant influence on GABA synthesis. In a previous 5335% %
study, the addition of PLP in the culture medium had no z‘ z' E' ft' E' ki
effect on GABA production of L. brevis NCL912 [8]. - |82398%
2
RSM Results & % ‘E' §' §' §' §'
= nog a4 @ %o
To identify the optimum condition, CCD and RSM were g i T
used to obtain a quadratic model, and then appraise the g E\ E} E’] 3’;. i 3
quadratic results and central points to estimate the GABA § 3 A
production variability, with GABA content as a response. 5 Z8 gy Y
In a single-factor experiment, three compositions consisted 33 5 53 b
of cane sugar, tuna condensate and MSG, that significantly % % g g ;3 g g g o
affected on GABA production. Three compositions were - ;» $g883¢g¢g <
optimized by RSM using a 3-factor-5-level CCD. A total of g g = g cgt' %' é‘ é‘ é' &
20 runs with central points were generated. Table 2 shows 2 % © B hbhhk §
the 20 various combination sets and the corresponding < 3 A
GABA content for both the actual and predicted values. The " § : dz 22z 2
experimental results were analyzed by ANOVA and follow- v Eh%:23%| 8
ing quadratic regression, an equation was obtained in terms b Cot‘ B E' E' A a2
of GABA content. E % g 2 ::’0 ;5 _? :é .Eﬁ
Model equation: GABA content=— 60.38695 +5.40577 é ‘; % % '% % % g
X, +22.51027X,+4.09330X; +0.55X,X, +0.049167X, o =l2gs2gz -§
X5 — 0.29%,X; — 1.19098X,? — 2.54686X,% — 0.15039X,> = "leasnewl =
X, =Cane sugar, X, =Tuna condensate, X;=MSG. g ) jT; §, z, p 2. Et" é
The GABA production regression model was highly elglg|s2s°83| 3
significant (P <0.0001). The compositions of cane sugar % 2% 8%%| §
(P<0.0001), tuna condensate (P<0.0001), and MSG E FHEFHA 9
(P<0.0001) were found to significantly affect the synthesis _§ z 2% %48 &
of GABA using regression analysis. A regression model for g 525883 2
which the coefficient of variation (R?) value was higher than 2| A 2 RN
0.9; is considered to present a high correlation. In this case, E 2‘ sl== f = a9 §
the value of R? (0.9991) indicated a high correlation between S |7 8 E 8 % E <§ é
the actual and predicted values from the model equation. é g 5‘ g' E' §' n};' g i‘;
The “Lack of Fit F-value” of 4.85 implied that the “Lack of = |8 2 :‘r ': ﬁ f f E A
Fit” was not significant relative to the pure error (Table 3). é gsggga|a
The “Pred R-Squared” of 0.9942 is in reasonable agreement S . £ é' éﬁ' E' :+f' ;." g
with the “Adj R-Squared” of 0.9984 and a low coefficient = B el -
of variation (CV =2.52%) (Table 3). This means that this o :‘2; “gj-l % % % % E
equation can be used for predicting the GABA content under L:) o A g
conditions that varied with the three variables in the experi- § N Bl PR -
mental range. NENESEEEEIE
Among the run sets, the maximum GABA actual con- MEHEREEEEEE R
tent produced by L. futsaii CS3 was 15.96 g/l in run no. 16 ~§ = Tat 33k *:;_:'
(Table 1) [X,=3% (wW/v), X,=3.5% (w/v) and X;=10.5% § EO A I
(w/v)] while the predicted GABA value in this run was z z sdz2da s 2
15.76 g/1. The response surface for the GABA production 8 zazzanl|l
of L. futsaii CS3 in the optimal modified MRS medium at R ERE R
various cane sugar, tuna condensate and MSG concentra- é g* e ScdcFd 2
tions are shown in Fig. 1. Numerical optimization used to < |2 5888888
generate optimal conditions of maximum GABA produc- g é ls&gdiad I
tion and confirm this model equation. The results found S |glaf====558
that the highest actual GABA was 18.27 g/l [X,=3.48% = |z £ %
(W/v), X,=3.84% (w/v) and X;=10.77% (w/v)] while SlZzil2.2.2.17
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Fig. 2 GABA production by Lactobacillus futsaii CS3 in the optimal
modified MRS medium with the initial pH values of 4.5, 5, 5.5, 6, 6.5
and 7. Data given are the mean of independent triplicates and the bars
on data points represent standard errors

the predicted GABA value in this run was 16.73 g/1. The
results from this experiment indicated that substrate con-
centration is important for achieving high GABA yield.

Effect of Initial Medium pH on GABA Production

The optimal modified MRS medium, according to the find-
ings of the CCD test, had 3.48% (w/v) cane sugar, 3.84%
(w/v) tuna condensate, and 10.77% (w/v) MSG. The impact
of the initial medium pH (4.5, 5, 5.5, 6, 6.5, and 7) on the
synthesis of GABA was therefore studied using these com-
position values. L. futsaii CS3 began producing GABA in
the flask-scale during the late-exponential growth phase
(24 h), and the highest GABA levels were attained during
the late-stationary growth phase (36—48 h). The expression
of the gad gene may have been induced as a result. All the
initial medium pH, MSG rapidly decreased within 24 h
and converted to GABA within 48 h of cultivation. GAD, a
reaction-producing enzyme found in Lactobacillus species,
would be responsible for this reaction [8].

Within 36 h of cultivation, GABA production increased
significantly at initial pH levels of 5 and 5.5 (17.47 and
12.67 g/1, respectively), indicating that the GABA produc-
tion was influenced by the initial pH of the medium. The
optimum modified MRS medium, with an initial pH value of
5, produced significantly the greatest GABA concentrations
of 20.63 g/l with cell dry weight of 19.1 g/l and the high-
est yield of 1.08 after 48 h of cultivation. Additionally, the
volumetric production and bioconversion rate at this initial
pH was the highest at 0.43 g/l/h and 31.42%, respectively
(Table 4 and Fig. 2). This result was in accordance with the
report that the adjustment of the initial pH medium to an

Table 5 Effect of pH controlled on GABA production by Lactobacillus futsaii CS3 in the optimal modified MRS medium with the initial pH value of 5

Bioconversion rate (%)

Volumetric productivity(g/l/h)

Yield

Cell dry weight (g/1)

GABA (g/1)

Residual MSG (g/l)

pH
con-

48 h 24h 36h 48 h 24h 36h 48 h 24h 36h 48h 24h 36h 48h 24h 36h 48 h

36h

trolled 24 h

at

24.11+0.09°
23.88+0.04°
22.31+0.08°
22.05+0.05°
24.58+0.07*

20.67+0.08°

7.14+0.09° 22.05+0.05"
8.74+0.07°

1143+£1.1° 056+1.49° 121+1.75° 1.37+123" 024+0.12° 0.38+0.05" 0.33+0.09°

+ + + + 0.2+0.09° 0.40+0.09° 0.33+0.11°

11.6+131° 0.45+0.97° 1.27+1.36" 136+125"

.05¢ 11.37+1.42°
55¢ 11.23+1.88°

1424125 1537+1.65* 0.19+128% 04+1.19" 0.95+1.57" 0.11+£0.07° 0.16+0.03> 0.31+0.07"

8.74+0.09°

3.9+0.05°
4.81+0.07¢

0.3+0.05"

328

9.75+0.04
23.13+0.07*

72¢ 1112+0.36° 11.63+1.93° 0.79+1.59° 1.36+0.42° 1.38+2.06° 0.35+0.07° 0.42+0.07° 0.34+0.06* 12.69+0.09"

09" 13.37+1.36 15.97+1.24* 0.28+0.96° 0.47+1.32° 0.91+1.19" 0.13+£0.05° 0.17+0.04°

10.1+

5.83+£0.07° 1037+
5.68£0.03°

13.13+

4.65+0.05°

6.14+0.03* 10.56+

4.48+0.03° 11.23+

1.84+0.04" 5.74+0.06" 13.57+0.02°

1.67+0.03° 4.69+0.05° 14.48+0.03"

5.74+0.01°

2.96+0.01*

2.56+0.02°

6.40+0.01¢

8.33+£0.02* 15.19+0.03*

2.44+0.03* 3.16+0.02¢
2.18+0.03*

2.01+0.05¢
2.19+0.03¢

4.18+0.02°

5.05+0.06"

3.11+0.12°

8.06+0.12°

8.72+0.13°

8.95+0.03

9.44+0.12*

8.59+0.43°

35

4.5

3). Different superscripts in the same column indicate significant differences (P <0.05)

#Values are given as mean + SD from triplicate determination (n
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Fig. 3 GABA production from Lactobacillus futsaii CS3 in the opti-
mal modified MRS medium with the initial pH value of 5 with and
without pH controlled during fermentation. Data given are the mean
of independent triplicates and the bars on data points represent stand-
ard errors

acidic condition (pH 4.5-5.5) could improve GABA pro-
duction due to GABA biosynthesis is closely related to an
acidic pH [31].

The initial medium pH has an impact on LAB's ability
to produce GABA and stimulate microbial growth. Because
different microorganisms’ biochemical properties of GAD
varies, the initial medium pH for the maximal GABA pro-
duction of LAB depends on the species. Many reports have
shown that the initial pH medium affected GABA synthesis.
L. plantarum and L. buchneri produced the highest GABA at
an initial pH of 6 and 5, respectively [3]. L. brevis NCL912
produced the maximum GABA level at initial pH 5.0 [10].
Compared with initial pH 4.0 and 6.0, GABA production of
L. paracasei NFRI 7415 was significantly enhanced reaching
210 mM at initial pH 5.0 [4]. L. brevis GABA100 produced
the highest GABA at initial pH 3.5. Therefore, the optimal
conditions of GABA production by microorganisms vary

according to the different properties of GADs, with optimal
pH ranging from pH 3.5-5 [4].

Effect of Controlled pH on GABA Production

In the optimum modified MRS medium with an initial pH
value of 5, L. futsaii CS3 produced the most GABA (20.63 g/1,
48 h) for the flask-scale. The influence of pH on GABA syn-
thesis by batch fermentation in a 3—1 fermentor with and with-
out pH control was examined using the optimum modified
MRS medium with an initial pH value of 5. The pH on GABA
production was maintained constant during fermentation at pH
3.5,4,4.5, and 5. According to the findings, the production of
GABA by L. futsaii CS3 was found to be impacted by the pH
maintained throughout fermentation. GABA production rap-
idly increased to 14.48 and 13.57 g/1, respectively, during 36 h
of fermentation when the pH in the medium was controlled
at 3.5 and 4, and it reached 15.83 and 15.68 g/1, respectively,
at 48 h of fermentation. Additionally, the fermentation that
was not pH-controlled demonstrated that the GABA produc-
tion increased significantly within 36 h (15.19 g/1), reaching
16.14 g/1 after 48 h (Table 5 and Fig. 3).

The pH of the medium dropped from 5 to 3.7 after 36 h of
fermentation without pH-controlled, and remained till the
fermentation was finished (48 h). The GABA production at
36 h was lower than that at 3.5 and 4 and without pH control
(5.74 and 6.4 g/1, respectively), and it increased to 14.65 and
14.48 g/1, respectively, during 48 h of fermentation when the
pH in the medium was regulated at 4.5 and 5. (Table 5 and
Fig. 3). These findings suggested that batch fermentation
without pH control is suitable for L. futsaii CS3's production
of GABA. Furthermore, these findings demonstrated that L.
Sutsaii CS3's GAD activity is optimum at a pH between 3.5
and 4. The partial loss of GAD activity may be caused by
higher or lower pH.

In general, GABA may give bacterial cells resistance in
an acidic environment [28]. According to some research,
GABA synthesis makes E. coli and Lc. lactis resistant to
an acidic pH [26]. The pH value is a key factor for GABA

Table 6 GABA production
from Lactobacillus futsaii

Fermentation time

CS3 in the optimal modified 24 h 36 h 48 h

MRS medium with the initial

pH values of 5 by batch Residual MSG (g/l) 19.27+0.13* 13.21 10.17b 12.45+0.32°

fermentation GABA (g/1) 7.41+0.12° 13.73+0.43° 17.24+0.25°
Cell dry weight (g/1) 10.62+0.32° 11.04+£0.96° 12.59+0.32?
Yield 0.7 +0.42° 1.24+1.13° 1.37+0.29*
Volumetric productivity (g/l/h) 0.31+0.2° 0.38+0.47% 0.36+0.21*
Bioconversion rate (%) 11.28+0.25° 20.91+0.34° 26.25+0.23%

Fermented broth (cfu/ml)

1.59%10"0+1.27 1.63x10"0+1.192 1.09x 108 +1.05°

*Values are given as mean+ SD from triplicate determination (n=3). Different superscripts in the same
row indicate significant differences (P <0.05)
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Table 7 GABA production from Lactobacillus futsaii CS3 in the optimal modified MRS medium with the initial pH values of 5 by fed-batch

fermentation

Fermentation time

36 h 48 h 60 h 72h
Residual MSG (g/1) 14.2+0.07* 14.05+0.02* 13.24+0.02° 11.35+0.02°
GABA (g/l) 12.83+0.03¢ 15.98+0.01¢ 20.45+0.02° 23.01+0.38"
Cell dry weight (g/1) 10.53 +2.66° 11.73+£0.42° 13.6+1.95° 16.1+1.51*
Yield 1.22+2.59¢ 1.36+1.3° 1.5+2.14* 1.43+1.69*
Volumetric productivity (g/l/h) 0.36+0.05% 0.33+0.04° 0.34+0.05° 0.32+0.41°
Bioconversion rate (%) 11.52+0.05¢ 14.35+0.07¢ 18.36+0.09° 20.66+0.53*

Fermented broth (cfu/ml) 1.77x10"°+1.12%

1.19x10%+1.2° 1.85% 107 +1.09° 2.68x10%+1.13¢

*Values are given as mean+SD from triplicate determination (n=3). Different superscripts in the same row indicate significant differences

(P<0.05)
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Fig. 4 HPLC chromatograms of monosodium glutamate (MSG) 1 mg/ml, standard GABA 0.125 mg/ml and GABA produced from Lactobacil-

lus futsaii CS3 in batch fermentation (a) and fed-batch fermentation (b)

synthesis by LAB. It not only influences the growth of
microorganisms but also affects the GAD activity. Main-
taining low pH (about 5) is necessary for effective GABA
production [4]. During the fermentation of LAB, the pH
value of the culture continuously decreases. GABA produc-
tion of Strep. thermophilus Y2 was significantly increased
by adjusting the pH of culture medium to pH 4.5 every 12 h
for 24 h [28].

Production of GABA from L. futsaii CS3 by Batch
and Fed-Batch Fermentation

In batch fermentation, substrate is added in the fermentor
once only at the beginning of fermentation. The higher
initial concentration of fermentation substrate can inhibit
the cell growth or waste material resource. Moreover, the
lower concentration of substrate is not enough for high
production. Fed-batch fermentation can compensate for
the shortcoming. One or more components are fed in the
fermentor during fed-batch fermentation, while cells and
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products remain in the fermentor until the end of opera-
tion. It may help to obtain a high yield and productivity
[10]. Utilization of whole cells for the biocatalytic conver-
sion of glutamate to GABA has some drawbacks includ-
ing the conversion of GABA to succinic semialdehyde by
the enzyme GABA transaminase (GABA-T). That is often
found in bacteria and might decrease GABA yields during
cultivation. Fed-batch fermentation effectively increase
GABA productivity by improving cell viability resulting
in extended periods of cultivation [31].

In order to increase GABA synthesis from L. futsaii
CS3, fed-batch fermentation (without pH control) was
used in this work. GABA production of L. futsaii CS3
by batch and fed-batch fermentation (without pH con-
trolled) were divided to two stages, i.e., cell growth stage
and GABA production stage. Cells grew well (12-24 h)
without significant GABA synthesis when the culture pH
was in the range necessary for cell development because
GAD has a very low catalytic activity. Since GAD became
active in the low pH condition as the cells approached the
stationary phase (36—48 h), GABA synthesis rose quickly.

The maximum GABA (17.24 g/1) was synthesized in
batch fermentation at 48 h, and volumetric productiv-
ity, bioconversion rate and yield of 0.36 g/l/h, 26.25%
and 1.37, respectively, were obtained (Table 6). MSG
(7.5% wiv) was introduced to the fermentor during fed-
batch fermentation at the 36 h of fermentation to boost
GABA synthesis. At 72 h of fermentation, the maximum
GABA (23.01 g/l) was produced with a volumetric produc-
tivity, bioconversion rate and yield of 0.32 g/l/h, 20.66%
and 1.43, respectively. With a 33.47% increase in GABA
(from 17.24 to 23.01 g/1) compared to batch fermentation,
GABA production in fed-batch fermentation was obviously
higher than GABA production in batch fermentation. At
72 h of fermentation, MSG remained at 11.35 g/, L. fut-
saii CS3 had a cell dry weight of 16.1 g/1, and there were
2.68 x 10° cfu/ml of bacterial cells in the fermented broth
(Table 7). Cell dry weight was significantly associated
with GABA production of L. futsaii CS3 in batch and fed-
batch fermentation (Table 6 and 7). Figure 4a, b displays
the GABA concentrations in batch and fed-batch fermenta-
tion as measured by the HPLC analysis.

MSG content had an impact on L. futsaii CS3's fed-batch
fermentation’s ability to produce GABA. When 10% (w/v)
of MSG concentration was added to the fermentor at the
36 h of fermentation, GABA synthesis decreased (13.42 g/1).
The result indicated that GABA production of L. futsaii
CS3 could inhibit with excessive MSG. The elevated gluta-
mate concentration inhibited GAD action and was harmful
to microbial growth [2]. Moreover, High glutamate con-
centrations increase the osmotic pressure in the cells, and
this stress can disturb the bacterial metabolism [31]. The
optimal concentrations of MSG are different for various

@ Springer

microorganisms in GABA production. GABA synthesis of
L. brevis K203 increased as glutamic acid concentration rose
from 4 to 6% (w/v). However, GABA synthesis decreased
at glutamic acid concentrations more than 8% (w/v). When
the glutamate content in the medium was initially 400 mM,
L. brevis NCL912 could grow and produce GABA in the
fed-batch process. However, L. brevis NCL912 cell devel-
opment was reduced when the initial glutamate concentra-
tion exceeded 500 mM. This strain could grow and produce
GABA when glutamate was added at concentrations between
0.25 and 0.5 M [10]. Cell growth and GABA production
of L. plantarum EJ2014 was inhibited when added MSG
82.5 g/1[16]. The highest GABA of Lc. lactis was obtained
by adding MSG over 6-96 h during fermentation at 6-h
interval of time. The production of the highest GABA by
microorganisms can also be based on suitable media addi-
tives and optimum additive time [19].

It is interesting to note that using cane sugar as a carbon
source and tuna condensate as a nitrogen source allowed L.
futsaii CS3 to produce GABA at high quantities in batch
and fed-batch fermentation (17.24-23.01 g/1, respectively),
which is far higher than has been previously reported for
other strains. For instance, prior studies indicate that L.
brevis IFO-12005 produced GABA at a concentration of
approximately 10.18 mM from distillery [29]. After 60 h of
cultivation in MRS medium, L. plantarum FNCC 260 pro-
duced GABA at a concentration of about 809.2 mg/1 [30].

Conclusion

This work demonstrates a new possibility for upgrading
agri-food industries by-products on GABA production.
Under the optimized condition; 3.48% (w/v) cane sugar,
3.84% (w/v) tuna condensate, and 10.77% (w/v) MSG at
an initial pH of 5, with a temperature of 37 °C, the yield
of GABA reached 20.63 g/l and 17.24 g/1 after 48 h culti-
vation by flask-scale and batch fermentation, respectively
and 23.01 g/ after 72 h cultivation by fed-batch fermenta-
tion. A large amount of GABA produced from L. futsaii
CS3 by using low-cost substrates from renewable resources
can reduce the production cost and has potential for GABA
formation on an industrial scale. The results from this study
provide a background for further production of GABA from
L. futsaii CS3’s microencapsulation.
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